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We investigate models of a heavy neutral gauge boson Z′ coupling mostly to third generation
quarks and second generation leptons. In this scenario, bottom quarks arising from gluon splitting
can fuse into Z′ allowing the LHC to probe it. In the generic framework presented, anomalies
in B-meson decays reported by the LHCb experiment imply a flavor-violating bs coupling of the
featured Z′ constraining the lowest possible production cross section. A novel approach searching for
a Z′(→ µµ) in association with at least one bottom-tagged jet can probe regions of model parameter
space existing analyses are not sensitive to.
After the Higgs boson discovery [1, 2], the major chal-
lenge for the LHC is to find new physics beyond the
standard model (SM). Some intriguing excesses may hint
at the presence of new physics. For instance, LHCb
has reported an anomaly in the angular distribution of
B → K∗µ+µ− [3, 4] (A similar anomaly has also been
reported by the Belle Collaboration [5]). These mea-
surements have poorly understood hadronic factors [6]
which, however, are less relevant for the LHCb mea-
surements of RK and RK∗ . Here RK∗ is defined as
BR(B→K∗µ+µ−)
BR(B→K∗e+e−) and RK as
BR(B+→K+µ+µ−)
BR(B+→K+e+e−) and both
show values lower than expected in the SM [7, 8].
Combining RK and RK∗ , the overall deviation from
the SM expectation is at least at a level of 4σ [9, 10].
A massive Z ′ with a flavor changing bs coupling, and a
nonuniversal coupling to leptons could easily accommo-
date the RK and RK∗ anomalies [11–38]. Such a new
gauge boson is featured in many beyond the SM theories
where an extra U(1) group has been proposed [39–43].
Z ′’s have been intensively searched for at the LHC, and
the current limit is in the multi-TeV range [44–46]. While
current Z ′ searches assume the Z ′ to couple to the first
generation quarks and leptons, the current constraints
on the Z ′ from LHC searches and B physics require the
couplings to second and third generation fermions to be
dominant.
We investigate a scenario that can satisfy the B-
anomaly constraints in a dimuon final state. We will
show that when the Z ′ boson couples to b quarks, it is
possible to use the b’s arising from gluon splitting with a
final state consisting of at least one b-jet and two muons.
As these diagrams are very similar to vector-boson fu-
sion diagrams, we will name them bottom-fermion fusion
(BFF) in the following. A generic framework of a mini-
mal extension to the SM which explains the B anomalies
is used to discuss the new search strategies in this BFF
production process. This BFF production process allows
us to interpret the inclusive dimuon searches in light of
a Z ′ coupling to the third generation. We will show that
the presence of additional b jets in the dimuon final state
can be utilized to probe smaller Z ′ masses than the in-
clusive dimuon searches. This strategy can be utilized
for any model where Z ′ couples to b quarks irrespective
of solutions to B anomalies. We will show that the flavor
violating bs coupling produces a lower bound on the Z ′
production cross-section. We compare several signal hy-
potheses to the SM background showing the possibilities
of probing the parameter space explaining the B anoma-
lies at the present and future LHC runs.
The new physics contribution to rare B decays can be
described by the following effective Lagrangian
L ⊃ 4GF√
2
Vtb V
∗
ts
e2
16pi2
C9O9 + h.c.. (1)
The effective operator O9,
O9 = ( s¯ γµ PLb ) ( µ¯ γ
µ µ ), (2)
describes a four-fermion interaction, with a left-handed
b−s current and a vector current for µ. To fit the current
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2data [47], the new physics contribution to C9 needs to be
−1.59+0.46−0.56.
Here, we consider a toy model by extending the SM by
adding an extra U(1) gauge group, which introduces a
new gauge boson Z ′. With a flavor changing quark cou-
pling and a nonuniversal lepton coupling, it can generate
a contribution to the desired effective operator. The min-
imal phenomenological Lagrangian is
L ⊃ Z ′µ [ gµ µ¯ γµ µ + ( gb δbs s¯ γµ PL b + h.c. ) ] (3)
The contribution to the effective O9 operator is
e2
16pi2
V ∗ts Vtb C9 = −
v2
2m2Z′
gb δbs gµ. (4)
which, using the central value of C9, leads to the require-
ment
gb δbs gµ(100 GeV/mZ′)
2 ' 1.3× 10−5 (5)
To evade the current bounds from the LEP and the
LHC, we consider a scenario where the U(1) charges of
the fermions are flavor dependent as done in many stud-
ies [16, 18, 22, 48, 49] to generate Eq. 3. The Z ′ to bs
coupling may, for instance, be generated from the mixing
of vectorlike quarks and leptons with their SM counter-
parts. In the lepton sector, the Z ′ needs to couple only
to the muons. In order to preserve SU(2) invariance,
the Z ′ also couples to tops and muon neutrinos. We can
write the following dominant terms in the Lagrangian in
a model which contains Eq. 1 and is allowed by all the
existing constraints in order to address the anomalies:
L ⊃ Z ′µ [ gµ µ¯ γµ µ+ gµ ν¯µ γµ PL νµ (6)
+gb
∑
q=t,b
q¯ γµ PL q + ( gb δbs s¯ γ
µ PL b + h.c. ) )]
The Z ′ mass is constrained to be less than 5.5 (10) TeV
in the 1 (2) sigma range to explain the B anomalies. It
can be as light as 100 GeV while still satisfying B anoma-
lies and other constraints [49]. As shown in Eq. 6, the Z ′
does not significantly couple to first or second generations
quarks thus weakening current limits on Z ′ production at
the LHC. However, the Z ′ can be produced through its
couplings to b quarks originating either from sea quarks,
or gluon splitting. Therefore, the Z ′ is associated either
with two b-jets (both b quarks from gluon splitting), one
b-jet (one b quark from each of gluon splitting and sea
quarks), or no b-jet (both b quarks from sea quarks).
The Z ′ will decay into pairs of b quarks, muons, muon
neutrinos, and, if kinematically allowed, top quarks.
Therefore, the relevant final states at the LHC are
dimuon or di-b resonances. The cross sections behave
as follows:
σ( pp→ Z ′ → µµ ) ∝ 2 g2b (1 + kδ2bs) gµ2 (7)
σ( pp→ Z ′ → b b¯ ) ∝ 3 g4b (1 + kδ2bs) (8)
where k contains the s-quark PDF effect since the pro-
duction of Z ′ may occur through bs fusion. When δbs
goes to zero, the flavor conserving contribution domi-
nates the production of Z ′. When δbs is large but still
satisfies the B anomalies (so smaller gb) the flavor vio-
lating contribution dominates.
Since the Z ′ is produced primarily through b couplings
and can decay into a pair of muons, bottom quarks, or
tops, the searches for dimuon [44–46], dijet [50–52] or
tt¯ [53, 54] resonances are relevant. The reliance on bot-
tom quarks for production in our scenario weakens the
impact of existing searches compared to scenarios utiliz-
ing production via first generation quarks. Dijet and tt¯
constraints are inconsequential since the uncertainty in
the tt¯ cross section measurement is several pb and the
current 8 TeV constraint on the resonance searches is
O(pb) while the dimuon resonance searches produce rel-
evant constraints.
In addition to direct searches for a Z ′, its flavor
changing coupling also generates a contribution to the
Bs − B¯s mixing, thereby changing the mass difference of
Bs mesons. The current measurement of the deviation
from the standard model is about ∆Bs = 0.07±0.09. [55].
For a Z ′ of O(100) GeV, the Bs− B¯s mixing is the dom-
inant constraint [49] while other flavor constraints, such
as muon g − 2 [56] and Br(B → Kν¯ν) [57, 58] are weak.
The measurement of neutrino trident production [59]
places an upper bound on gµ which, while too weak for
our purpose, translates into a lower limit on the combi-
nation of gb δbs that explains the B anomalies.
Since the measurements of RK and RK∗ fix the com-
bination
gbδbsgµ
m2
Z′
, Z ′ production through BFF dominates
for large gb and, therefore, small δbs and gµ. For each
value of mZ′ we will fix gµ such that gb δbs has the max-
imum value allowed by Bs mixing. When δbs becomes
as large as about 0.6, diagrams including s-quarks start
dominating the production of Z ′ and is not covered in
the work.
Figure 1 shows the range of production cross sections
for dimuon + b or 2 b final states for mZ′ = 350 GeV and
gµ = 0.13 as a function of δbs with central (black line), 1
sigma (green shade region) and 2 sigma (yellow shaded
region) fits of the B anomalies. The allowed cross section
band has a smaller slope for larger δbs due to the domi-
nance of gbδbs coupling initiated Z
′ production, whereas
in the smaller δbs region, the Z
′ production is dominantly
governed by the flavor conserving gb term which decreases
as δbs increases. For particular masses, the central fit
(1σ range) minimum cross sections are 0.2(0.12) fb for
mZ′ = 500 GeV, 0.6(0.2) fb for mZ′ = 350 GeV, and
1.2(0.8) fb for mZ′ = 200 GeV. The BFF production of
the dimuon final state allows us to rule out a large region
of parameter space. Existing constraints are weak for
mZ′ ≤ 500 GeV due to the large SM background contri-
butions in that region. For this allowed parameter space,
we introduce a simplified search strategy for various mass
points searching for Z ′ → µµ with at least 1b jet in this
subsection.
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Figure. 1: Production cross section for a BFF dimuon resonance
as a function of δbs for a 350 GeV Z
′ and gµ = 0.13 which satis-
fies the LHCb constraints. The central fit (black line) and the 1σ
(green shaded region) and 2σ (yellow shaded region) contours of the
B anomalies are shown.
For the following study of expected limits and selec-
tion requirements, we use MadGraph5 v.2.5.4 [60] to
generate signal and background samples. We use a mod-
ified version of the FeynRules model file for the Hidden
Abelian Higgs Model [61] as well as a model file of our
own [62][63]. Pythia 8.2 [64] is used for parton shower-
ing and DELPHES 3.4 [65] for the detector simulation
with a default CMS card. We consider pileup effects to
be mostly mitigated in a realistic experimental analysis,
thus we did not include any. Electron and muon candi-
dates are restricted to |η|< 2.5 and < 2.4, respectively.
Jets are required to have pT > 30 GeV. The jet pair in
our selection is always comprised of the leading b-tagged
jet together with the next-to-leading jet that is b-tagged,
if possible. Only if no second b-tagged jet with pT > 30
GeV exists, the leading non-b-tagged jet in transverse
momentum is chosen instead. A medium working point
of the identification of b quark jets in the DELPHES
package is used, where the b-tagging efficiency is varying
with pT (85% at pT > 30 GeV) and the corresponding
misidentification probability for gluon- and light-flavored
quark jets is in the range of 10− 20%.
For a normal search for a heavy resonance decaying to
opposite sign (OS) dimuons, the main backgrounds are
Drell-Yan and tt¯ events. Requiring OS dimuons and at
least two jets with pT > 30 GeV, at least one of them
passing a b-tag requirement, reduces Drell-Yan (+0,1,2
jets) process contributions to the search region by a fac-
tor of O(100). The remaining background in the mass
range beyond the Z-boson peak is the dileptonic tt¯ pro-
cess that we further suppress by a set of three selection
requirements:
1. Top mass bound Mµb: We examine the muon-jet
invariant mass in both exclusive permutations out
of the dimuons and the two jets (bb or bj). Of the
two possible muon-jet parings, we choose the one
with the smallest mass difference and require the
heavier mass to be greater than 170 GeV.
2. Leptonic versus hadronic activity: The scalar sum
of transverse momenta of the leading OS muon pair
(LT) must be larger than the scalar sum of trans-
verse momenta of the leading bottom-tagged pair
or bottom and non-tagged jet pair (HT).
3. Normalized missing transverse energy (EmissT ): The
ratio of EmissT to dimuon mass (M(µ
+µ−)) is re-
stricted to below 0.2 to reject events with real
sources of EmissT .
While the top quark mass bound and the normalized
EmissT are expected to be useful for reducing dileptonic
tt¯ contributions, the difference between LT and HT is
specific to the BFF initial state. In contrast to forward-
backward VBF production with its typical large invariant
mass and rapidity gap selection on forward jets, BFF jets
are usually centrally produced and, due to the gluon-
splitting nature of their production, soft. This can be
used to select BFF-produced heavy resonances in favor
of many SM background scenarios that prefer more even
distributions of transverse momenta without requiring
the high momentum thresholds other initial states like
boosted object searches necessitate. In addition, it is
possible to use more stringent requirements on HT −LT
to generate even background-free selections for heavier
resonance scenarios. The mT2 variable [66] has also been
tested and found not to significantly improve on the other
three selection requirements. As the best performance
of inclusive dimuon resonance searches moves to higher
masses as expected background contributions rise with
increasing integrated luminosity, we expect more strin-
gent selections like BFF to become competitive in terms
of exclusion power for an increasing range of masses.
Table I contains the efficiencies of the aforementioned
selection requirements on dileptonic tt¯, SM Z and three
different mass scenarios for the Z ′ model. The signal
preselection Mµb HT − LT EmissT /M(µ+µ−)
tt¯ 8% 17% 26% 27%
SM Z 0.2% 41% 32% 54%
Z′ 200 7% 60% 74% 89%
Z′ 350 10% 82% 90% 97%
Z′ 500 13% 90% 94% 98%
TABLE I: Efficiency of selection requirements for a simplified search
for three different mass points assuming δbs = 0 with a dimuon tt¯
background. The requirements are applied successively from left to
right. Each entry indicates the individual requirement’s efficiency
after applying all other selections in columns to its left. The total
efficiency of a background is the multiplication of all entries in a
given row.
preselection is a function of δbs and Z
′ mass, as higher
masses increase the hardness of associated jets and the
centrality of events while higher values of δbs decrease the
overall proportion of associated bottom jets compared to
the total production cross section. We fit the dependence
upon δbs with a linear fit for each mass point by generat-
ing several differently δbs-valued samples with constant
gb. Then, we fit the resulting absolute values of slopes
and intercepts versus Z ′ mass with a logarithmic fit each
to determine a function describing the signal acceptance
4A over the complete parameter space:
A(mZ′ , δbs) = (0.063−0.026δbs)ln(mZ
′
GeV
)−0.268+0.11δbs
(9)
Applying this selection yields Fig.2. We use gµ ∼1 to
calculate the Z ′ decay width to make sure our bound
is valid for such high values of couplings. The values
dictated by the B anomalies are much smaller and would
lead to a narrower width and hence a larger significance.
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Figure. 2: Opposite sign dimuon invariant mass distribution for se-
lected simulated events including the shape fits for background and
signal contributions used to generate expected limits. Simulated data
shows statistical uncertainties due to event weights only, uncertainty
bands for the fits show the one sigma uncertainties of varying all fit
parameters.
Utilizing this new search strategy, we show the LHC
reach for 200, 350, and 500 GeV Z ′ masses in the δbs−gb
parameter space in Fig. 3 along with constraints from
Bs−B¯s mixing [49] and trident production [59]. The 1σ
and 2σ contours of the best B anomalies fits are shown
for the smallest gµ values satisfying the mixing limits.
The values of gµ are 0.08, 0.14, and 0.20 for Z
′ masses
of 200 GeV, 350 GeV, and 500 GeV respectively. The
95% exclusion limits for 30, 300 and 3000 fb−1 of LHC
integrated luminosity using 2(1)b + dimuon final states
are contrasted with the current and projected inclusive
dimuon search limits [44][46]. Also shown are the regions
excluded by neutrino trident production as explanations
of B anomalies. Note that these latter limits are on gµ
which has no bearing gbδbs if we do not require a fit to
B anomalies.
For mZ′=200 GeV, a 2(1)b + dimuon search as pro-
posed in this work is more efficient in mitigating the back-
ground than the inclusive dimuon analogue leading to
enhanced limits. Increasing mZ′ improves on the rela-
tive reach of the inclusive dimuon search due to reduces
SM background expectations. At mZ′ = 1 TeV, the cur-
rent search limit does not rule out any parameter space
although increasing integrated luminosities should facili-
tate large improvements. The projected inclusive dimuon
resonance search will be able to probe some parameter
space up to mZ′ ∼ 3 TeV, where the cross section is too
small even for 3000 fb−1.
In summary, we pointed out that the fusion of b quarks
from gluon splittings and sea-quark distributions at the
LHC is vital for testing heavy Z ′ models where the Z ′
boson preferredly couples to quarks in the third genera-
tions. If such models are used to explain the B anomalies,
we show that there is a lower limit on such production
processes that arises from the flavor-violating bsZ ′ cou-
pling. Producing such a Z ′ in a final state is expected in
association with one or two b jets. The presence of the
resonance due to the BFF initiated processes allows us
to probe such models in the inclusive searches. Further-
more, the presence of additional b jets along with kine-
matical requirements on them is found to be effective
in reducing SM backgrounds in background-dominated
search regions (e.g., ≤ 500 GeV for the 13 TeV LHC).
The prospects for testing the entire parameter space of
such models for some Z ′ masses appear to be complimen-
tary in the existing and upcoming LHC program.
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